NF-YC/HAP5
in Arabidopsis and rice are still unknown.
In the present study, we identified a rice HAP3 gene, DTH8, by map-based cloning.
Our data showed that DTH8 suppressed rice flowering under LD conditions and we surmise that it probably plays an important role in the regulation of plant height and yield potential in rice.
RESULTS
A chromosome segment of DTH8 has a remarkable effect on flowering time, plant height, and yield QTL analysis for days-to-heading was conducted over 5 years in natural long-day (NLD) conditions (daylength >14 h) based on a recombinant inbred line population (RIL), derived from two parents, cv. Asominori (japonica) and cv. IR24 (indica) ( Fig.   S1 ). One major QTL, DTH8, near marker R2976 on the short arm of chromosome 8 has been detected in all 5 years (Table S1 ). Several chromosome segment substitution lines (CSSLs), such as CSSL8 and CSSL61, carrying a chromosome segment of IR24 on DTH8 under the Asominori genetic background, showed earlier heading and its plant height, number of grains per panicle, yield and dry weight per plant decreased significantly in NLD condition compared with Asominori ( Fig. 1 , Table 1, Fig. S2,   and Table S2 ), but no significant differences in these agronomic traits have been found in natural short-day (NSD) conditions (daylength about 11.6 h) (Fig. 1 , Table   S3 ). There was no difference in tiller number between CSSL61 and Asominori under either NLD or NSD conditions (Fig. 1, Tables S2 and S3) . 
DTH8 encodes a putative HAP3 subunit of the CCAAT-box-binding transcription factor
An analysis of two secondary F 2 populations, derived from the cross between CSSL8, CSSL61, and Asominori, showed that earlier heading and later heading plants of the two secondary F 2 populations segregated as 62: 164 predicts 12 open reading frames (ORFs) in this region ( Fig. 2A) . One of them, ORF4, encodes a putative HAP3/ NF-YB/CBF-A subunit of the CCAAT-box-binding transcription factor, and has been annotated as a flowering time gene, Heading date 5, in the database (Fig. 2C ). There are eleven homologous genes (OsHAP3A to OsHAP3K) encoding HAP3 subunits in the genome of rice and ORF4 is named OsHAP3H (Thirumurugan et al., 2008) (Fig. 2D, Fig. S4 ). Without any intron, the reading frame of OsHAP3H totals 894 bp, encoding a protein of 297 amino acids in cv. Asominori (Figs. 2B, C) . However, in cv. IR24, 1-bp deletion was found in a position 322 bp away from start codon, causing a frameshift and premature termination of translation and leading to a mutant protein with only 125 amino acids (Fig. 2B ).
To confirm that OsHAP3H is responsible for the phenotype of DTH8, the OsHAP3H cDNA from cv. Asominori was expressed under CSSL61 background. The cDNA was inserted into pPZP2H-lac binary vector (Fuse et al., 2001 ) and 13 independent transgenic T 0 lines were generated, which were planted in NSD conditions. The segregation ratio between transgene-positive and transgene-negative plants in T 1 families from T 0 plants with single-copy transgene was about 3:1 (Table   1) . Perfect cosegregation between the transgene and the phenotype was also observed (Fig. 3 , Table 1 ): comparing with transgene-negative plants, days-to-heading, plant height, and number of grains per panicle of all transgene-positive plants increased significantly. Taken together, DTH8, which encodes a putative HAP3/ NF-YB/CBF-A subunit of the CCAAT-box-binding transcription factor, has a large effect on flowering time, plant height, and yield potential in rice.
Expression pattern and subcellular localization of DTH8
Quantitative real time PCR（QRT-PCR） analyses were done with total RNA isolated from leaves, leaf sheaths, culms, young panicles, and roots from cv. Asominori grown under NLD conditions (Fig. 4A) . The results revealed that DTH8 was expressed in all examined tissues: the expressions were higher in roots, young panicles, and leaves than those in leaf sheaths and culms. To reconfirm the results above, the GUS gene driven by the DTH8 promoter was transformed into rice (Fig. 4B) . Staining of transgenic plants verified again the DTH8 expression in the same tissues examined with QRT-PCR. The staining also showed more accumulation in roots, young panicles, and leaves, which matched the QRT-PCR findings. Subcellular localization of DTH8 protein was carried out by fusing DTH8 and GFP, which was driven by the CaMV35S promoter (35S::DTH8:GFP) and delivered into onion epidermal cells by particle bombardment. The GFP signal was localized in the nucleus (Fig. 4C) , indicating that DTH8 is a nuclear protein. This result also supports the hypothesis that DTH8 acts as a subunit of the CCAAT-box-binding transcription factor.
DTH8 suppresses flowering by downregulating Ehd1 and Hd3a
To identify potential downstream genes that are regulated by DTH8, QRT-PCR was performed to analyze the expression levels of DTH8 and seven flowering-related genes (Hd1, Ehd1, Hd3a, Ghd7, OsGI, OsMADS51, and RID1) in both Asominori and CSSL61. Leaf samples from 40-day-old plants grown under SD, LD, and NLD conditions were checked. No differences in DTH8 expression were found between Asominori and CSSL61 under all three conditions (Fig. 5, Fig. S5 ), suggesting that the natural mutation in the coding region does not significantly affect the expression of DTH8, and neither did the differences in OsGI, RID1, OsMADS51, and Ghd7 expressions between Asominori and CSSL61 in all conditions (Fig. 5, Fig. S5 ). For Hd1, the natural mutation of DTH8 slightly induced its down-expression in SD conditions but not under LD and NLD (Fig. 5, Fig. S5 ). For Ehd1 and Hd3a genes, this mutation led to a great reduction of transcription in CSSL61 under LD and NLD (Fig. 5, Fig. S5 ). These results suggest that Ehd1 and Hd3a possibly function downstream of DTH8, which suppresses rice flowering in LD condition by downregulating Ehd1 and Hd3a. However, the expression of Ehd1 was only slightly lower, whereas Hd3a expression was not changed at all in SD conditions (Fig. 5, Fig.   S5 ). This result was consistent with the observation that flowering time was not significantly different between Asominori and CSSL61 in SD conditions (Fig. 1 , Table S3 ).
Also, the diurnal expression patterns of DTH8, OsGI, Hd1, Ehd1, Hd3a, and Ghd7 were checked in both Asominori and CSSL61 (Fig. S6) . The diurnal pattern of DTH8 is similar to that of OsGI in both LD and SD conditions. As in the single measurements at the onset of the light phase, severe reductions in Ehd1 and Hd3a mRNA were detected in both day and night cycles under LD conditions in Asominori.
Meanwhile, little change was found in the diurnal patterns of OsGI, Hd1, Ehd1, Hd3a, and Ghd7 expressions between Asominori and CSSL61 in both LD and SD conditions.
The expression of DTH8 is not influenced by Hd1 and Ghd7
Previous studies show that the expression of Ehd1 and Hd3a could be downregulated by Ghd7 (Xue et al., 2008) and Hd3a can also be suppressed by Hd1 under LD conditions (Kojima et al., 2002; Hayama et al., 2003) . In the present study, our data showed that under LD conditions, DTH8 could negatively influence the expression of Ehd1 and Hd3a but not Hd1 and Ghd7 (Fig. 5, Fig. S5 ). To examine whether the expression of DTH8 is influenced by Hd1 and Ghd7, DTH8 expression was examined in Hd1 and Ghd7 near-isogenic lines (NILs) grown for 40 days under LD conditions. As shown in Figure 6A and Supplemental Figure 7A , the expression levels of DTH8 and Ghd7, compared with those in Nipponbare, were not changed in NIL (hd1) grown under LD conditions. However, Ehd1 and Hd3a were suppressed by Hd1 in Nipponbare. Similarly, no changes were found in the levels of DTH8 and Hd1 mRNA in the Ghd7 NILs under LD conditions. But the expressions of Ehd1 and Hd3a were also suppressed by Ghd7 (Fig. 6B, Fig. S7B ). These results indicate that During maturity, the average height of CSSL61 and transgene-negative plants was approximately 84% of Asominori and transgene-positive plant (Fig. 1B, Fig. 3B , Table 1 ). The internode elongation patterns between CSSL61 and Asominori were compared (Fig. 7, Fig. S8 ) and the data showed that the panicles and internodes of CSSL61 were remarkably shorter than those of Asominori. Meanwhile, the diameter of stems between them was almost the same. To determine whether the dwarf phenotype of the CSSL61 results from defective cell division and/or cell elongation, longitudinal sections of internodes III and IV of CSSL61 culms were compared with their Asominori counterparts. As shown in Figure 7C , F and G, the total cell number in the y axes in internodes III and IV of CSSL61 was not significantly less than that of Asominori, while the cell length of CSSL61 was significant shorter. This result suggests that internode cell elongation is the main reason for the dwarf phenotype of CSSL61 and that DTH8 probably plays an important role in stem growth and development.
Rice varieties with nonfunctional DTH8 have weaker sensitivity to photoperiod
We investigated the diversity of the coding sequences of DTH8 among 40 rice varieties from a wide geographic range in Asia (Table S4 ). The DTH8 alleles in these varieties were grouped into nine types and eight distinct proteins were identified ( Fig.   8 ). Frameshift mutations or premature stops caused by the deletions of some nucleotides were found in types 7, 8 (IR24) and 9 (Fig. 8) . So, the DTH8 proteins of these three allele types seem nonfunctional. For other types, the protein of Type 2 is same as that of Type 1 (Asominori), and Types from 3 to 6 just have several SNPs and indels which could cause single amino acid substitution, addition or deletion (Fig.   8 ). Therefore, the proteins encoded by Types from 2 to 6 are probably functional. To confirm this, the DTH8 alleles of Type 4 (from cv. Kasalath), Type 5 (from cv. and Type 6 (from cv. IR64) were transformed into the CSSL61 (with nonfunctional DTH8 allele from IR24) background. The results showed that all transgene-positive plants in the T 1 families were tall and late-heading with large panicles, whereas all transgene-negative plants have phenotypes with opposite features (Fig. S9 , Table S5 ). We can thus separate the cultivars into two groups, functional and nonfunctional DTH8 alleles (Fig. 8 , Table S4 ). The photoperiod sensitivity (PS) of flowering time in these varieties was also analyzed using PS index (PS index = (DTH NLD -DTH SD )/DTH NLD ; DTH, NLD, and SD represent days-to-heading, natural-long-day, and short-day conditions, respectively) ( Table S4 ). The results showed that cultivars that carry the functional DTH8 alleles tended to have larger PS indexes and that their flowering times were more sensitive to photoperiod, whereas those carrying nonfunctional DTH8 alleles tended to show smaller PS indexes and less photoperiod-sensitive flowering times (Fig. 8, Table S4 ).
DISCUSSION

DTH8 has pleiotropic effects
Yield, plant height and flowering time are the three most important agronomic traits in rice. Grain yield is mainly determined by factors such as spike/tiller number, number of grains per panicle and grain weight. Recently, some genes related to yield have been cloned, e.g., MOC1, which initiates axillary buds and plays an important role in the control of rice tillering (Li et al., 2003) ; Gn1a controls the number of grains per panicle (Ashikari et al., 2005) ; GS3, GW2 and qSW5/GW5 regulate grain size (grain length and grain width) and grain weight (Fan et al., 2006; Song et al., 2006; Shomura et al., 2008; Weng et al., 2008) ; and GIF1 controls rice grain filling (Wang et al., 2008) . More genes for plant height in rice have been identified (Sasaki et al., 2002; Itoh et al., 2004; Ashikari et al., 1999; Sasaki et al., 2003; Yamamuroa et al., 2000; Honga et al., 2003; Tanabe et al., 2004) . The molecular genetic pathway for flowering time has been under elucidation in rice since the isolation of many correlative genes or QTLs (Yano et al., 2000; Takahashi et al., 2001；Kojima et al., 2002；Doi et al., 2004；Kim et al., 2007；Wu et al., 2008 . Although there are close correlations among yield, plant height and flowering time, most of these genes were reported to be regulating only one of the three traits. Recently, one QTL, Ghd7, has been proven to have large pleiotropic effects on an array of traits, including grain number, flowering time and plant height (Xue et al., 2008) . In this study, a rice HAP3 gene, DTH8, was isolated by map-based cloning. Its large pleiotropic effects were likewise demonstrated. DTH8 also delayed rice flowering by negatively influencing the expression of Ehd1 and Hd3a, being independent of Hd1 under LD conditions. Simultaneously, it plays an important role in regulating plant height and grain number.
Meanwhile, the differences between DTH8 and Ghd7 were also very obvious. Tiller number in Ghd7 NILs with functional or nonfunctional alleles differed from each other (Xue et al., 2008) ; those between Asominori and CSSL61 are the same (Fig. 1 , Table S2 and Table S3 ). Ghd7 regulates the height through total cell number in the y axes of internodes and it also influences culm thickness, whereas DTH8 regulates height by altering cell elongation in the internodes, but keeps culm thickness stable (Fig. 7) .
DTH8 is a novel flowering suppressor
Rice is a short-day plant and most rice cultivars could be induced to flower more rapidly under SD conditions than under LD conditions. In SD conditions, signals from light and circadian clocks are received by OsGI, and it regulates the expression of Hd1 and OsMADS51 (Izawa et al., 2003; Kim et al., 2007) . Matsubara et al., 2008; Park et al., 2008; Wu et al., 2008) . In this study, DTH8 was found to delay rice flowering time by negatively influencing the expression of Ehd1 and Hd3a in LD conditions (Fig. 5, Fig. S5 ). But, under SD conditions, the expression of Hd3a and rice flowering time are not influenced by DTH8, and neither are the expressions of RID1, OsGI, Hd1, and Ghd7 in LD conditions (Fig. 5, Fig. S5) Hd1 and Ghd7 in LD conditions (Fig. 6, Fig. S7 ), suggesting that DTH8 is a flowering suppressor by downregulating the expression of Ehd1 and Hd3a under LD conditions.
There are many studies to have reported that Ehd1 locates in the upstream of Hd3a and could promote its expression (Doi et al., 2004; Kim et al., 2007；Matsubara et al., 2008 Park et al., 2008; Wu et al., 2008) . At the same time, some other reports show that the flowering suppressor could repress Hd3a expression by down regulating Ehd1 and then inhibits flowering (Xue et al., 2008) . So we propose that DTH8 is upstream of Ehd1, which in turn is upstream of Hd3a in the pathway (Fig. 9) . The diurnal expression pattern of DTH8 is similar to that of OsGI in both LD and SD conditions (Fig. S6) , suggesting that DTH8 probably locates downstream of OsGI in the pathway that regulates photoperiodic flowering time (Fig. 9) . Because there is no Ehd1 ortholog in Arabidopsis (Doi et al., 2004) , the DTH8-Ehd1-Hd3a relation probably represents a distinct pathway that does not exist in Arabidopsis.
Previous research shows that Hd1 and Ehd1 regulate the expression of Hd3a through two different pathways (Doi et al., 2004) . However, the results from this study showed that the expression of Ehd1 is suppressed by Hd1 in LD conditions (Fig.   6A, Fig. S7A ). So Ehd1 may be the integrator of different pathways in the regulation of flowering, which is downregulated by Hd1, Ghd7 and DTH8 but upregulated by RID1. Then, the expression of Hd3a or its orthologs was activated by Ehd1 and the transition from vegetative development to floral development in rice was induced under LD conditions (Fig. 9) .
Possible reason for the pleiotropic effects of DTH8
The protein encoded by DTH8 is a putative HAP3/NF-YB/CBF-A subunit of the HAP complex, OsHAP3H (Fig. 2) , which binds to CCAAT box which is the cis-acting element in about 25% of eukaryotic promoters (Maity and de Crombrugghe, 1998; Mantovani, 1999) . The HAP complex consists of three subunits: binding or protein-protein interaction. Although many genes encoding HAP subunits have been found so far (Edwards et al., 1998; Gusmaroli et al., 2001 Gusmaroli et al., , 2002 Thirumurugan et al., 2008) , only a few of them have been studied (Lotan et al., 1998; Meinke, 1992; West et al., 1994; Kwong et al., 2003; Miyoshi et al., 2003) . In the present study, a rice HAP3 gene, DTH8, has been proven to play an important role in the regulation of flowering time, plant height and yield potential. Because of the existence of multiple HAP2 and HAP5 subunit orthologs, the HAP complexes OsHAP2/DTH8/OsHAP5 should not be the only one that may bind to the CCAAT boxes in those genes working in different metabolic pathways. The genes controlling the number of primary branches and second branches are regulated by the OsHAP2/ DTH8/OsHAP5 complexes, which could influence the number of grains per panicle.
Rice height was affected by DTH8 or OsHAP complexes mainly through the regulation of internode cell elongation (Fig. 7) . According to previous reports, the control of rice height is mostly related to the synthesis and regulation of In this study, we found that DTH8 delayed rice flowering time by downregulating the expression of Ehd1 and Hd3a in LD conditions (Fig. 5) . But the expressions of DTH8, Hd1 and Ghd7 were not influenced by each other under LD conditions (Fig. 5,   6 ), suggesting that the downregulation of Ehd1 and Hd3a by DTH8 may be independent of Hd1 and Ghd7 under these conditions (Fig. 9) . Recent research has shown that the conserved domain of HAP2 and the CCT domain of CO are similar to each other, where the most conserved residues are very important for the functioning of the CCT domain. CO could replace AtHAP2 in the HAP complex to form a trimetric complex, CO/AtHAP3/AtHAP5 (Wenkel et al., 2006) . In LD conditions, flowering was postponed by overexpression of AtHAP2 or AtHAP3 in Arabidopsis.
Meanwhile, FT expression was going down while the level of CO remained stable.
The mRNA abundance of AtHAP3a shows a diurnal rhythm and is regulated by the 
Relationship between DTH8 and photoperiod sensitivity
A high degree of polymorphism in the DTH8 sequences was identified, some of which cause frameshift mutations or create premature stop codons. The DTH8 alleles in the core collection were grouped into nine types and eight distinct proteins were identified (Fig. 8) . All the cultivars were separated into groups with functional or nonfunctional DTH8 alleles, depending on the results of transgenic analyses (Fig. 8,   Fig. S9 , Table S4, Table S5 ). Being a short-day plant, the flowering time of rice is sensitive to variation in photoperiod induced by SD conditions and blocked by LD conditions. But with the long period of introduction and domestication, some rice varieties have become insensitive to photoperiod variation and flowering time of rice show little or even no difference when they are grown under either SD or LD conditions. Varieties with weak photoperiod sensitivity are usually grown in high-latitude area or in mid-and low-latitude area as early-season rice.
The photoperiod sensitivity (PS) of flowering time for 40 varieties was also analyzed by looking at the PS index (Table S4 ). The results showed that flowering times of cultivars that carry functional DTH8 alleles are more sensitive to photoperiod, whereas those with nonfunctional DTH8 alleles are less sensitive (Fig. 8, Table S4 ).
However, there are still some exceptions, such as cv. Jingnong1, cv. XX-4, and cv.
93-11. The flowering times of these varieties are weakly sensitive to photoperiod, even though they carry the functional DTH8 alleles (Table S5) low-latitude areas (Table S5) . Thus, it might be a better choice to breed rice cultivars with non-functional DTH8 alleles in high-latitude areas or as early-season rice in midand low-latitude areas. The cultivars with weaker photoperiod sensitivity would be able to adapt well to LD conditions. Similarly, while breeding single or late-season rice for the mid-or low-latitude areas, cultivars with functional DTH8 alleles should be chosen because the flowering of these cultivars could be induced by the SD conditions and their grain yield could be increased by DTH8.
MATERIALS AND METHODS
Plant materials and growth conditions
A recombinant inbred line population (RIL) and several chromosome segment substitution lines (CSSLs) derived from two parents, cv. Asominori (japonica) and cv.
IR24 (indica) (Kubo et al., 1999) (Fig. S1 ), were grown in Nanjing NLD conditions 
Mapping for DTH8
The RILs and several CSSLs derived from Asominori (japonica) and IR24 (indica) (Tsunematsu et al., 1996; Kubo et al., 1999) were used for primary mapping of the DTH8 locus (Fig. S1 ). The secondary F 2 population containing 15,000 plants was constructed from the cross between CSSL61 and Asominori and 2,000 earliest plants were selected to fine-map the DTH8 locus, using the approach described by Zhang et al. (1994) . DTH8 was first localized to a 2.3-cM interval between simple sequence recombinant plants were selected and DTH8 was finally narrowed to the 47-kb region between Ind8-47 and Ind8-15 (Fig. 2A) . The molecular markers including SSR and InDel markers used for fine-mapping DTH8 are shown in Table S6 .
Vector construction and transformation
The full-length coding region of DTH8 was isolated by PCR with primers 8-16 (Table. S7 ) from Asominori, Kasalath, 93-11, and IR64, then subcloned into the pPZP2H-lac binary vector (Fuse et al., 2001 ). The resultant plasmid was introduced into CSSL61 by means of Agrobacterium-mediated transformation (Hiei et al., 1994) .
The genotype of transgenic plants was determined by PCR amplification of the hygromycin phosphotransferase gene (hpt) and the analysis of hygromycin resistance.
A 2.5-kb sequence of DTH8 promoter region was isolated by PCR amplification with primers Pro14 (Table. S7 ) from Asominori and then subcloned into the pCAMBIA1381Z binary vector. The resulted plasmid was transformed into rice through Agrobacterium-mediated transformation, and the transgenic plants were analyzed by GUS staining assay as described (Scarpella et al., 2003) .
RNA extraction and QRT-PCR
Total RNA from leaves, leaf sheaths, culms, roots and young panicles were isolated using an RNA extraction kit following the manufacturer's instruction (Beijing Dingguo Biotechnology Co. Ltd, http://www.dingguo.com). First-strand cDNA was reverse-transcribed from DNase I-treated RNA with oligo(dT) as the primer. 
Subcellular localization
The DTH8 ORF without a termination codon was cloned into the pA7-GFP vector, placing the DTH8 gene upstream of the GFP coding sequence to create in-frame fusion of DTH8 cDNA and GFP reporter gene. The fusion constructs, as well as the control (pA7-GFP), were transformed into onion epidermal cells by particle bombardment. The transformed onion epidermal cells were incubated at 22 o C on MS plates in the dark for 48 h. Then, the cells were examined under confocal fluorescence microscopy.
Scanning electron microscopic observation
Culms of Asominori and CSSL61 were harvested 10 d after flowering and fixed in 2.5% v/v glutaraldehyde. Then, the samples were post-fixed in 2% w/v OsO4 for 2 h, dehydrated through an ethanol gradient, infiltrated and embedded in butyl methyl methacrylate. The samples conducted with critical point dry and sputter-coated with platinum and observed using a SEM (S-3000N, Hitachi, Japan). Quantitative Real Time PCR was performed with total RNA from leaves of 40-day-old plants under LD conditions. Samples were collected at the initiation of the light phase (ZT 0 h). These experiments were repeated at least three times. 
